Introduction
Autoimmune inner ear disease (AIED) is a rare, yet-to-be-classified orphan disease (1) characterized by periods of acute hearing decline triggered by unknown stimuli (2) . Affected patients do not have affected first-degree relatives, arguing against a monogenic disease. Treatment consists of corticosteroids, which are initially effective in 70% of patients; however, the responsiveness dramatically declines over time (14% remain responsive at 3 years) (3). Unfortunately, for those patients who do not respond to corticosteroids, alternative immunosuppressive agents have not been efficacious (4, 5) . Understanding the biologic mechanisms underpinning this disease has been further complicated by a lack of a robust animal model that can recapitulate human disease. Although an elegant cochlin peptide-vaccinated model was shown in 2004 (6) , further studies using this model have not been published. Similarly, a keyhole limpet hemocyanin-challenged guinea pig model has been used; however, whereas TNF inhibition was effective in this model (7) , it was ineffective in human patients with AIED (5, 8) . We initially studied human patients with AIED undergoing cochlear implantation by evaluating their PBMCs stimulated with autologous cochlear perilymph to gain insight as to the potential inflammatory pathways in this disease. As a result, we identified differential expression of the IL-1 decoy receptor (IL1R2) (9) , and subsequently, overexpression of IL-1β in patients with corticosteroid-resistant AIED (10) . IL-1β is a proinflammatory cytokine that is instrumental in the development of inflammation and the exacerbation of many autoimmune and autoinflammatory diseases. IL-1β plays a homeostatic role in daily biologic processes, but its constitutive overproduction is associated with chronic diseases such as type 1
Interleukin-1β (IL-1β) is a key proinflammatory cytokine involved in the progression of many autoinflammatory and autoimmune diseases, including autoimmune inner ear disease (AIED). IL-1β inhibition has been shown to result in clinical hearing improvement in a small cohort of corticosteroid-resistant patients with AIED. Canonical processing of pro-IL-1β by caspase-1 generates an active 17-kDa fragment, capable of instigating a proinflammatory microenvironment. However, in response to LPS, PBMCs from patients with AIED uniquely express a 28-kDa IL-1β fragment, as compared with PBMCs from control subjects. We synthesized and compared the biologic activity of the 28-kDa fragment to the 17-kDa IL-1β product and the pro-IL-1 31-kDa protein. The 28-kDa IL-1β fragment induces IL-6, TNF-α, and CCL3 in PBMCs. Uniquely, only caspase-7 treatment showed a dose-and time-dependent increase in 28-kDa band generation. Mass spectrometry confirmed the putative caspase-7 cleavage site of pro-IL-1β, which was used to generate the 28-kDa fragment used for PBMC stimulation studies. Collectively, these results provide insight into the function of a poorly understood, processed 28-kDa form of IL-1β in patients with AIED that is uniquely generated by caspase-7 and is capable of activating further downstream proinflammatory cytokines. Further investigation may provide novel pharmacologic targets for the treatment of this rare disease.
diabetes (11) , rheumatoid arthritis (12, 13) , osteoarthritis, inflammatory bowel disease (14) , multiple sclerosis (15) , Muckle-Wells syndrome (16, 17) , and corticosteroid-resistant AIED (10) . IL-1β is processed by a series of proteins, which collectively are referred to as the inflammasome. Genetic mutations occurring in the different components of the inflammasome and resultant overproduction of IL-1β (18, 19) are clinically manifest in many autoinflammatory diseases, such as familial cold autoinflammatory syndrome, Muckle-Wells syndrome, and chronic infantile neurologic cutaneous articular syndrome (18, (20) (21) (22) . We have previously demonstrated that IL-1β inhibition was effective in a small cohort of corticosteroid-resistant patients with AIED, where reduction of IL-1β plasma levels was associated with clinical hearing improvement (23) . IL-1β is produced by a variety of cell types, including monocytes, macrophages, dendritic cells, B lymphocytes, and NK cells (24) (25) (26) . IL-1β is a master regulator cytokine and thereby influences a number of downstream molecules. IL-1β induces matrix metalloproteinase-9 (MMP-9) (27) (28) (29) , which is also overexpressed in corticosteroid-resistant patients with AIED (10). MMP-9, in turn, is involved in downstream inflammatory processes and has been shown to increase the permeability of the blood-brain barrier (30) and therefore may exert a similar effect on the blood-labyrinthine barrier. MMP-9's counterbalancing molecule, tissue inhibitor of metalloproteinase-1 (TIMP-1), is also induced by IL-1β (31) . Corticosteroid-responsive patients have higher basal TIMP-1 levels, and their PBMCs express more TIMP-1 in response to IL-1β, which may afford them greater protection and resultant hearing preservation than corticosteroid-resistant patients with AIED (32) . IL-1β has been shown to induce chemokine (CC motif) ligand 3 (CCL3) (also known as macrophage inflammatory protein 1-α), which is upregulated in type 1 diabetes mellitus and other autoimmune diseases (33, 34) . Various mechanisms of IL-1β processing have been proposed, the most widely accepted of which is through the action of the protease caspase-1/IL-1 converting enzyme (ICE) (35) . IL-1β is produced as a 31-kDa propeptide (36) and is converted into active 17-kDa form by caspase-1 (35) . Caspase-1's mode of action was first reported in 1989 (37, 38) , and its specificity for IL-1β was confirmed by Sleath et al. in 1990 (39) . Caspase-1-deficient mice lack the ability to release active IL-1β (40) . The 269-amino acid IL-1β precursor (pro-IL-1β) (molecular weight 31 kDa) is cleaved to generate a 153-amino acid, mature segment between Asp 116 and Ala 117 (41) (42) (43) (44) , which is the most well recognized product of ICE cleavage and results in production of mature 17 kDa, a stretch of residues extending from 117 to 269 (37, 38) . ICE cleavage occurs at more than 1 site in IL-1β: a second cleavage site between Asp 27 and Gly 28 generates a 28-kDa fragment (residues 28 through 269) (45) . Puren et al., in 1999 , reported generation of a 28-kDa fragment as an early cleavage form of pro-IL-1β by LPS-stimulated PBMCs (46) . Moreover, in addition to caspase-1, generation of the 28-kDa fragment was reported to be mediated by caspase-8 (47), MMP-3, and MMP-9 (48) . Little is known about the biologic activity of the 28-kDa fragment. In one study, it was identified to have antiinflammatory properties by interfering with mature IL-1β signaling (49) . In the present study, we have characterized the biologic activity of the 28-kDa fragment of IL-1β because the majority of PBMCs from patients with AIED uniquely and strongly express the 28-kDa product in response to in vitro LPS stimulation and only a few patients express the canonical 17-kDa product of IL-1β compared with disease-free, healthy control patients. Clinically we have previously observed that in an open-label, early-phase clinical trial, corticosteroid-resistant patients with AIED benefited from IL-1β inhibition, where hearing improvement correlated with a reduction in circulating IL-1β (23) , which thereby suggested that IL-1β was biologically active and pathogenic in these patients.
Results
In the present study, we have identified that the 28-kDa fragment of IL-1β is expressed in PBMCs from patients with AIED in response to LPS, and this fragment is capable of inducing other downstream proinflammatory cytokines. We have further determined that the 28-kDa fragment is uniquely generated by caspase-7 cleavage of pro-IL-1β.
LPS-stimulated PBMCs of patients with AIED exhibit preferential processing of IL-1β to generate a 28-kDa fragment. When cultured PBMCs were stimulated with LPS and protein fragments separated by molecular weight using Western blot analysis, we observed that the 28-kDa fragment generated during LPS-induced IL-1β processing is unique to patients with AIED (n = 30) when compared with normal healthy subjects (n = 24), because normal healthy subjects did not express the band or had minimal expression of this band ( Figure 1A) . The anticipated IL-1β 17-kDa fragment was not present in AIED patient samples. Presence of the 28-kDa band did not correlate with increased caspase-1 expression ( Figure 1A) ; however, a mild enhancement of caspase-7 expression was observed in patients with AIED having an LPS-induced 28-kDa fragment of IL-1β when compared with control subjects. The intensity of the 28-kDa band (normalized against actin) was 27-fold higher in patients with AIED compared with control subjects (Figure 1B) . This difference was statistically significant when compared by Mann-Whitney U test (P = 0.0004). Based on previously reported caspase-1 cleavage sites (45), we synthesized full-length 31-kDa, 28-kDa, and 17-kDa IL-1β fragments to investigate the biologic activity of each fragment ( Figure 2 ). We confirmed that these synthetic fragments had no endogenous endotoxin prior to use.
The 28-kDa fragment of IL-1β mildly induces IL-1β, IL-6, and CCL3 mRNA expression. PBMCs from patients with AIED and control subjects were stimulated with pro-IL-1β (31-kDa fragment), the 17-kDa fragment, and the 28-kDa IL-1β fragment and compared with LPS or recombinant active 17-kDa IL-1β (Peprotech) and compared for RNA expression of several cytokines downstream of IL-1β. PBMCs of control subjects treated with the 28-kDa IL-1β fragment had mildly increased expression of IL-1β, IL-6, and CCL3 mRNA ( Figure 3 ), although this did not result in statistical significance. The induction was greater than in PBMCs from patients with AIED, possibly suggesting some degree of endogenous T cell polarization in the AIED PBMCs. In patients with AIED, the 17-kDa and 28-kDa fragments were equally effective in inducing IL-1β and IL-6 mRNA expression. Statistical significance was achieved for the difference in expression for IL-1β in response to the 28-kDa and 17-kDa fragments in control subjects (P = 0.016). The 17-kDa fragment was less effective than the 28-kDa fragment in inducing TIMP-1 in controls but not patients with AIED. This would imply that in healthy patients, counter-regulatory mechanisms are in place to reduce inflammation. MMP-9 and TIMP-1 expression was greater with both the 28-kDa and 17-kDa fragments of IL-1β than with LPS ( Figure 3 ). To determine whether any counterbalancing Th2 cytokines were induced, we assessed IL-10, IL-13, and TGF-β mRNA expression in PBMCs from patients and controls as well. We performed qPCR for IL-10, IL-13, and TGF-β for a subset of PBMCs from patients and controls. In both patients and controls, no induction was observed n = 5 out of 30 patients with AIED with 28-kDa band observed) and control subjects (n = 4 out of 24 control subjects studied). PBMCs were treated with 1 μg/mL LPS, and processing of IL-1β was determined by Western blot using anti-IL-1β antibody (it identifies a proform doublet at 33/31 kDa and bands at 28 kDa and 17 kDa, R&D Systems). These representative samples demonstrate generation of a 28-kDa IL-1β band in LPS-stimulated PBMCs from patients with AIED. Generation of the 28-kDa IL-1β is not the result of variability in the amount of detectable caspase-7 (34 kDa) or pro-caspase-1 (a doublet of 50/48 kDa). The majority of samples were analyzed twice; however, in several instances the AIED patient samples were exhausted (>66% run in duplicate). (B) Relative quantification of the 28-kDa band, as normalized to actin in both groups, by densitometry analysis software ImageJ (NIH) revealed statistically significant differences analyzed by Mann-Whitney U test (P = 0.0004) between patients with AIED (n = 30) and control subjects (n = 24).
with the 3 IL-1β fragments. In the case of IL-10, increased expression was observed in response to LPS but not to the 3 fragments. In the case of IL-13, minimal to no expression could be detected in all experimental conditions. In the case of TGF-β, robust expression was observed in untreated patients and controls, and it was not further augmented with either LPS or the 3 IL-1β fragments (data not shown).
The 28-kDa fragment of IL-1β induces CCL3, TNF-α, and MMP-9 release. We also examined release of CCL3, TNF-α, MMP-9, IL-6, TIMP-1, and IL-4 into the culture supernatants following treatment of PBMCs with the 28-kDa and 17-kDa IL-1β fragments as compared with LPS (positive control), rIL-1β (17 kDa, Peprotech), and full-length 31-kDa pro-IL-1β (negative control). The 28-kDa fragment induced CCL3 release more than the 17-kDa fragment in patients with AIED (n = 10) and controls (n = 8); although a trend was observed, statistical significance was not reached (P = 0.027 for the control group, Figure 4A ). As with CCL3, the 28-kDa fragment of IL-1β induced TNF-α release more effectively than the 17-kDa fragment in PBMCs from both patients and controls (patients with AIED, n = 10, and control subjects, n = 8); statistical significance was achieved for the control group only (P = 0.008, Figure 4B ). As expected, the 31-kDa fragment again had no effect ( Figure 4B ). An IL-6 ELISA was performed on conditioned supernatant samples from PBMCs of patients with AIED (n = 9) and control subjects (n = 9) stimulated with either various IL-1β fragments or LPS ( Figure 4A ). Minimal increases in response to the 28-kDa IL-1β fragment as compared with the 17-kDa fragment were observed but were not significant ( Figure 4C ). MMP-9 release was similarly assessed in conditioned supernatant of PBMCs of patients with AIED (n = 11) and control subjects (n = 9) treated with the same IL-1β fragments. MMP-9 was induced close to 3-fold by the 28-kDa fragment in patients with AIED whereas there was no observed induction in PBMCs from control subjects. A trend was observed in control PBMCs in response to the 28-kDa fragment as compared with the 17-kDa fragment (P = 0.027).
Because of our previous observations that the balance of MMP-9 to TIMP-1 had clinical importance (32) and that MMP-9 was preferentially induced by the 28-kDa fragment, we interrogated whether a similar effect on TIMP-1 was observed. The 28-kDa fragment of IL-1β was not able to induce TIMP-1 as compared with the 31-kDa or untreated PBMCs in both groups (PBMCs from patients with AIED, n = 11, and control subjects, n = 9) ( Figure 4E ).
Finally, an IL-4 ELISA was done to determine whether the 28-kDa fragment has antiinflammatory properties as previously reported in another system (49) . Conditioned supernatant from treated PBMCs with all 3 fragments of IL-1β along with LPS from patients with AIED (n = 11) and control subjects (n = 8) was compared to untreated samples and evaluated by ELISA ( Figure 4F ). All IL-1β fragments, including the 28-kDa fragment, failed to induce IL-4 release, demonstrating the expected antiinflammatory IL-4 was not a counterbalancing cytokine in our patient cohort.
The 28-kDa band of IL-1β can be generated by caspase-7-mediated cleavage. To identify which caspase was involved in generation of the 28-kDa fragment of IL-1β, recombinant pro-IL-1β was incubated with caspase-1 to -10, separated by SDS gel electrophoresis, and subjected to Western blot. Only caspase-7 demonstrated generation of the 28-kDa fragment ( Figure 5, A and B ). Caspase-1-mediated cleavage resulted in generation of 17 kDa ( Figure 5A ), whereas caspase-7-mediated cleavage of pro-IL-1β resulted in generation of 28 kDa ( Figure 5B ). Caspase-7 showed a dose-dependent and time-dependent increase in 28-kDa band generation, indicating that caspase-7 could generate the 28-kDa band of IL-1β ( Figure 6 ).
Caspase-3/7 inhibitor CAY 10406 inhibits caspase-7 and the 28-kDa fragment of IL-1β in a dose-dependent manner. We next studied whether specific inhibition of caspase-7 could affect the processing of the 28-kDa band of IL-1β. LPS-stimulated PBMCs were treated with different concentrations of the caspase-3/7 inhibitor, CAY 10406. Inhibition of caspase-7 was observed in a dose-dependent manner, which was accompanied by a dose-dependent inhibition of 28-kDa band formation ( Figure 7 ). Cell viability was between 70% and 85% in all treated samples; therefore, inhibition was not a result of toxicity associated with the use of the inhibitor. This experiment demonstrates that caspase-7 is involved in the generation of the 28-kDa fragment of IL-1β.
The 28-kDa fragment of IL-1β is preferentially secreted from PBMCs of patients with AIED. Supernatants from LPS-treated PBMCs of patients with AIED (n = 13) and control subjects (n = 14) were separated by SDS-PAGE followed by Western blot. Conditioned medium of PBMCs from the patients with AIED (13 out of 13 patients) showed a strong 28-kDa band, and 4 of 13 showed a faint 17-kDa band; controls showed 5 faint 28-kDa bands out of a total of 14 controls (Figure 8) .
LPS-stimulated THP-1 cells generate the 28-kDa fragment of IL-1β. We subsequently investigated whether the human monocytic cell line THP-1 (ATCC, TIB-202) demonstrated similar processing of IL-1β as observed in patients with AIED. IL-1β expression was measured by Western blot analysis for the 28-kDa IL-1β fragment generation. As anticipated (based on prior publications from other groups) (50), the 28-kDa fragment could be identified in THP-1 cells (Figure 9) , which thus provides a consistent source of cells for further mechanistic studies. Because of a background issue, direct immunoprecipitation was done to get a relatively clean band.
Confirmation of putative caspase-7 cleavage site of pro-IL-1. Generation of the 28-kDa IL-1β fragment was based on an anticipated caspase-1 cleavage site, not an unanticipated caspase-7 cleavage. For this reason, we sought to confirm the site of cleavage of pro-IL-1β to be Asp 27 to Gly 28 . Purified pro-IL-1β was digested with caspase-7 and the 28-kDa band was excised. The resulting peptide was subjected to analysis by The threshold cycle (Ct) value was calculated from amplification plots, and gene expression was normalized using the Ct of the housekeeping gene glyceraldehyde-3-phosphate. Fold induction of the target gene was calculated using the formula 2 −ΔΔCt . Statistical significance was achieved for the difference in expression for IL-1β in response to the 28-kDa and 17-kDa fragments in control subjects (P = 0.016). Although differences were observed between expression in response to the 28-kDa and 17-kDa fragments for IL-6 and CCL3, these did not achieve significance. MMP-9 and TNF-α expression showed minimal, insignificant changes in response to the IL-1 fragments. The Wilcoxon signed-rank test was performed for paired observations, to compare expression levels within groups, in response to the 17-kDa and 28-kDa fragments. For the pairwise comparison of 17-kDa and 28-kDa fragments, a Bonferroni's adjustment was made for the 2 hypothesis tests carried out within a cytokine. The 2 tests were carried out comparing 17-kDa and 28-kDa fragments within the AIED group and within the control group, such that any given comparison required P < (0.05 / 2) = 0.025. Each experiment was repeated twice to confirm reproducibility. mass spectrometry, and data were processed by MaxQuant computational platform. Mass spectrometry data were searched against UniProt human sequence. The identified stretches of IL-1β are highlighted in red ( Figure 10 ). Because of the low sequence coverage, it was difficult to locate the exact N-terminus; however, the identified peptide stretch CSFQDLDLCPLDGGIQLR is immediately downstream of the predicted putative 28-kDa cleavage site GPKQMKCSFQDLDLCPLDGGIQLR, with a difference in the first 6 amino acids ( Figure 10 ). Therefore, Asp 27 to Gly 28 is the likely site of cleavage with caspase-7 because all caspases require an aspartic acid residue for cleavage.
Discussion
In the present study, we report that PBMCs of patients with AIED (n = 30) expressed a 28-kDa fragment of IL-1β when treated with LPS, which was either absent or minimally expressed in control subjects (n = 24) ( Figure 1 ). Moreover, this 28-kDa fragment, generated by N-terminal cleavage of pro-IL-1β, appears to have proinflammatory biologic activity, as evidenced by the induction of IL-1β, IL-6, and CCL3 mRNA expression ( Figure 3 ), as well as CCL3 and TNF-α release from PBMCs from patients with AIED as well as controls (Figure 4) . Additionally, the 28-kDa fragment induced release of MMP-9 in patients with AIED preferentially over controls (Figure 4) . Intriguingly, we observed the 28-kDa To determine whether the 28-kDa fragment of IL-1β had antiinflammatory properties, PBMCs of AIED and control subjects were assayed for IL-4 release by ELISA. For A-F, the Wilcoxon signed-rank test was performed for paired observations, to compare expression levels within groups, between 17 kDa and 28 kDa. For the pairwise comparison of 17 kDa and 28 kDa, a Bonferroni's adjustment was made for the 2 hypothesis tests carried out within a cytokine. The 2 tests were carried out comparing 17 kDa and 28 kDa within the AIED group and within the control group, such that any given comparison required P < (0.05 / 2) = 0.025. Each experiment was repeated twice to confirm reproducibility. fragment induced TIMP-1 mRNA expression ( Figure 3 ), in controls preferentially over patients, and therefore may further prevent these patients with AIED from regulating inflammation, although release of TIMP-1 was highly variable in both patients and controls. Interestingly, the 28-kDa fragment resulted in greater induction of proinflammatory cytokines in control PBMCs as compared with PBMCs from patients with AIED. We hypothesize that these observations are a result of higher endogenous basal levels of inflammation in PBMCs of patients with AIED. Patient PBMCs, therefore, may be less capable of responding to weaker inflammatory stimuli, whereas they still can mount a strong response to LPS. Similarly, specific N-terminal cleavage of other IL-1 family members has resulted in a strong induction of proinflammatory activity: in IL-36, specific N-terminus cleavage resulted in very significant increases (in excess of 10 3 -fold) in activity and receptor binding (51) . This N-terminal IL-36 cleavage is mediated by caspase-3 (52) . A previous report showed the 28-kDa band of IL-1β had antiinflammatory properties; in our patients with AIED, no IL-4 was generated ( Figure 4F) , and TIMP-1 release was not specifically affected. Consistent with our observations, others have shown that processing of IL-1β into the 28-kDa form upon statin stimulation is not abrogated with either caspase-1-or ASC-knockout macrophages (49) . However, as expected, these knockouts did completely abrogate generation of the 17-kDa mature IL-1β, suggesting the potential role of other caspases in the generation of the 28-kDa fragment. For this reason, we investigated the ability of other caspases (caspase-2 to caspase-10) to generate a 28-kDa IL-1β fragment. Our results indicated that only caspase-7 seems to be involved in processing pro-IL-1β to generate the 28-kDa fragment (Figures 5-7) . This was further supported by using the caspase-3/7 inhibitor (CAY 10406), which was able to decrease caspase-7 levels and generation of the 28-kDa fragment of IL-1β in a dose-dependent manner. Specific caspase-7 inhibitors are not readily available because caspase-7 has functional and structural similarities with caspase-3 (53) . There could be an argument that CAY 10406 is a common inhibitor for both caspases, but in our experiments we did not see any digestion of pro-IL-1β by caspase-3 ( Figure 5) , implying that the 28-kDa IL-1β fragment generation was due to caspase-7. It has been shown that in peritoneal macrophages of caspase-7-knockout mice, caspase-1 mediates caspase-7 activation when stimulated with LPS (54), indicating there are common pathways connecting inflammatory and apoptotic caspases. Although caspase-7 and caspase-3 exhibit many functional similarities, they show different activity for natural substrates (53) . This may explain our observations that caspase-7 was able to cleave pro-IL-1β, whereas caspase-3 could not. Further support of these differences is garnered from a recent report where splenocytes of mice exposed to LPS developed activation of caspase-7, whereas caspase-7-deficient mice were refractory to LPS-induced lymphocyte apoptosis (55) . Cleaved caspase-7 has clearly been demonstrated in the cochlea in response to ototoxic stimuli (56) . Moreover, caspase-7 has been shown to be involved in activation of microglia (57) , resident cells in both the cochlea and the brain (58) (59) (60) . Our experiments demonstrate that patients with AIED exhibited novel processing of IL-1β in response to LPS by caspase-7. Furthermore, the 28-kDa fragment of IL-1β resulted in induction and release of other proinflammatory cytokines, greater than or comparable to the mature canonical 17-kDa fragment of IL-1β. The 28-kDa fragment of IL-1β was detected in the supernatants of all patients with AIED (13 out 13 patients) compared with control subjects, where supernatants of only 5 out of 14 showed a faint 28-kDa band when immunoblotted with IL-1β ( Figure 8 ). This observation suggests that patients with AIED demonstrate a unique method of processing IL-1β that results in a strongly proinflammatory microenvironment. Interestingly, in some culture supernatants, both the 28-kDa and the 17-kDa bands are observed, whereas intracellularly, the 28-kDa band is preferentially observed in response to LPS. It is possible that the 28-kDa IL-1β fragment is further processed into the 17-kDa product. Experiments are underway to identify the intracellular localization and stability of the 28-kDa product. We initially generated the 28-kDa protein based on a putative caspase-1 cleavage site and did not anticipate caspase-7 to generate this fragment. To confirm the site of pro-IL-1 β cleavage by caspase-7 for generation of the 28-kDa band, pro-IL-1β was Figure 7 . Caspase-7 inhibition results in loss of the 28-kDa IL-1β fragment. PBMCs of control subjects were treated with 1 μg/mL LPS with DMSO or LPS in combination with CAY 10406 (caspase-3/7 inhibitor) at concentrations of 10 μM, 10 nM, and 10 pM along with no treatment. The samples were subjected to Western blotting using caspase-7 antibody and IL-1β antibody. β-Actin was used as an internal control for immunoblotting. A thin black line indicates noncontiguous lanes from the same gel. were treated with 1 μg/mL LPS for 16 hours; conditioned medium was then analyzed by Western blot using IL-1β antibody at 1:250 dilution. The 28-kDa band was observed in 13 of 13 patients with AIED, and a weak 28-kDa band was observed in 4 out of 14 controls. This experiment was run 3 times; however, not all samples were available for all 3 experiments.
exposed to caspase-7 and separated by SDS-PAGE, excised, and analyzed by mass spectrometry. Mass spectrometry data indicated that the identified peptide stretch CSFQDLDLCPLDGGIQLR is 6 amino acids away from the putative 28-kDa band cleavage site GPKQMKCSFQDLDLCPLDGGIQLR (Figure 10) . Total identified peptide stretch by mass spectrometry covered about 26% of the total 28-kDa sequence. Given the absolute requirement for caspases to cleave after an aspartic acid residue (61), there is little doubt that caspase-7 acted at Asp 27 to Gly 28 . In our previous open-label trial of IL-1β blockade in corticosteroid-resistant patients with AIED, we observed hearing improvement, which correlated with reduction of plasma IL-1β (23) . Considering the above data, a greater understanding of the mechanism of caspase-7 generation of the IL-1β 28-kDa fragment in these patients may elucidate new pharmacologic targets for disease intervention. Further investigation could yield valuable insights into the posttranslational regulation of IL-1β and possible pathophysiology of patients with AIED.
Methods
Preparation of human PBMCs. Human PBMCs were isolated from buffy coats of heparinized blood from healthy donors and patients with AIED using gradient density centrifugation as described previously (10) . Cell pellets were washed twice with RPMI 1640 (Thermo Fisher Scientific), counted using a Z2 Coulter Particle Count and Size Analyzer (Beckman Coulter Life Sciences), and then plated in 24-well plate (Costar) at 1 × 10 6 /mL, in RPMI (Thermo Fisher Scientific) containing 10% decomplemented fetal bovine serum (Atlanta Biologicals) 100 U/mL penicillin (Thermo Fisher Scientific) and 100 μg/mL streptomycin (Thermo Fisher Scientific) at 37°C in a 5% CO 2 saturated humidity incubator. After 16 hours of incubation the supernatant was removed. On average, PBMCs' viability, tested using Cellometer (Nexcelom Bioscience), exceeded 80% with a 1:1 ratio of cultured cells and 0.4% trypan blue solution (Thermo Fisher Scientific).
Cell lines used. Human monocytic cell line THP-1 (TIB-202) was purchased from ATCC. Cells were cultured in RPMI 1640 (Life Technologies) and supplemented with 10% fetal bovine serum (Atlanta Biologicals), 4.1 mM l-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin (Life Technologies) maintained at 5% CO 2 , 37°C.
Protein expression of pro-IL-1β and other fragments of IL-1β and endotoxin assessment. Protein expression in E. coli (full-length 31-kDa form of IL-1β, 28-kDa fragment of IL-1β, and 17-kDa mature form of IL-1β) is shown in Supplemental Table 1 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.130845DS1). These forms were synthesized by LifeTein, LLC, as cDNA expression constructs using the sequences provided in Figure 2 , under a T7 promoter, with a glutathione-S-transferase (GST) tag and tobacco etch virus (TEV) protease recognition site, and were grown in E. coli, with cells lysed and separated by GST affinity chromatography, followed by on-resin cleavage with TEV protease, gel filtration, and endotoxin removal (LifeTein, LLC). Upon arrival in our laboratory, endotoxin levels of custom-made IL-1β subunits from LifeTein, LLC, were measured in our lab to verify they were endotoxin free using limulus amebocyte lysate (LAL) assay for endotoxin content (Pierce LAL chromogenic endotoxin quantitation kit, Thermo Fisher Scientific, 88282).
We also utilized a commercial 17-kDa rIL-1β (Peprotech) in all experiments as a comparator for our synthetic 17-kDa fragment. To validate the bioactivity of the IL-1β fragments, PBMCs of patients with AIED and healthy controls were treated at the same molar concentration (1.18 nM) of all 3 IL-1β Figure 9 . The 28-kDa IL-1β band is observed in LPS-stimulated THP-1 cells. The 28-kDa fragment of IL-1β was detected in THP-1. THP-1 cells were treated with LPS (1 μg/mL) for 16 hours, then analyzed by Western blot using IL-1β antibody at 1:250 dilution. β-Actin was used as an internal control for immunoblotting. Experiments were repeated twice to confirm the reproducibility.
fragments overnight and compared with LPS and commercially available 17-kDa IL-1β for their effect on RNA and protein expression as measured by real-time PCR and ELISA.
RNA isolation and quantitative real-time PCR. RNA was isolated from PBMCs using RNeasy Mini Kit (Qiagen) as per the supplier's instructions. The qPCR was performed in a Roche LightCycler 480 as previously described (10) . Each reaction contained 16 ng of RNA, 4 μM forward/reverse primer mix, 1 μM probe from the Roche Universal Probe Library (UPL; Roche Applied Science), and Eurogentec qRT-PCR Mastermix (Eurogentec). The PCR primers and UPL probes used are presented in Supplemental Table 2 . For each experiment at least 2 replicates were used for analysis.
Western blotting for IL-1β, caspase-1, and caspase-7. Twenty micrograms of proteins, unless otherwise indicated, were fractionated by SDS-PAGE (using 12% or 4%-15% gradient gel) and transferred to a PVDF membrane (all from Bio-Rad) overnight at 45 mA (all steps except primary antibody incubation were carried out at room temperature, with gentle shaking). After 60 minutes in blocking buffer (5% nonfat dry milk [NFDM] from Bio-Rad in 0.05% TBS-Tween-20 [TBST] from Thermo Fisher Scientific), membranes were incubated overnight either with mouse anti-human IL-1β monoclonal antibody (MAB201, R&D Systems), at a concentration of 1:500, or with 1:1000 caspase-1 (sc-515) caspase-1 p10 antibody (C-20) (Santa Cruz Biotechnology) at a concentration of 1:200 and caspase-7 at 1:500 (Cell Signaling Technology) at 4°C. Then they were washed with 0.05% TBST 3 times for 10 minutes each wash. After washing, membranes were incubated with corresponding horseradish peroxidase-linked IgG in 0.05% TBST (1:7000) containing 5% NFDM for 60 minutes at room temperature. After a final washing, blots were developed by enzyme chemiluminescence (Bio-Rad), and immunoreactive proteins were visualized on film. The blots were stripped and reprobed with an anti-β-actin antibody (clone AC-15, MilliporeSigma). Densitometric analysis of the blots was done using ImageJ software as per standard protocol provided by the NIH.
ELISA for IL-1β, IL-6, CCL3, TNF-α, TIMP-1, MMP-9, and IL-4. Sandwich ELISA was done to determine the levels of IL-1β, IL-6, CCL3, TNF-α, TIMP-1, MMP-9, and IL-4. The cells were exposed to different treatments and their controls as per requirements for 16 hours. After brief centrifugation, cell culture supernatant samples were analyzed using human IL-1β, IL-6, CCL3, TNF-α, TIMP-1, MMP-9, and IL-4 ELISA kits (all from R&D Systems) according to the manufacturer's instructions. Quantitative analysis was performed on a microplate reader (Thermo Fisher Scientific, accuSkan). A 4-parameter logistic curve was used to describe the data. For each experiment at least 2 replicates were used for analysis.
In vitro IL-1β cleavage assay. Pro-IL-1β, 31 kDa (purchased from OriGene Technologies, Inc.) (200 ng for each sample), was incubated with either 1 unit or 2 units of purified recombinant caspase-1, -2, -3, -4, -5, -6, -7, -8, -9, or -10 (all from BioVision, Inc.) for 2 hours alone in 20 μL of 2× reaction buffer (0.1 M HEPES buffer, pH 7.5 with 20% glycerol, 5 mM DTT, 0.5 mM EDTA) (containing 10 mM DTT) (BioVision, Inc.), at 37°C. A time-course experiment was also performed, where recombinant caspase-7 was incubated from 2 to 16 hours with pro-IL-1β. The resulting cleavage products were analyzed by Western blotting using anti-IL-1β antibody (R&D Systems).
Conditioned medium processing for Western blot. PBMCs of patients with AIED and controls were treated with 1 μg/mL LPS for 16 hours, cultured supernatant was gently lifted from cell culture plate, and to ensure there was no lysed cell contamination, conditioned supernatants were passed through a filter (MilliporeSigma) and centrifuged for an additional 30 minutes at 4°C to minimize any chance of contamination. Conditioned medium was then cooked with 4× sample buffer for 10 minutes and then analyzed by Western blot using IL-1β antibody (R&D Systems). Detection of actin (lack thereof) was performed to ensure there were no lysed cells within the supernatant.
Silver staining and high-resolution mass spectrometry (liquid chromatography tandem mass spectrometry). Pro-IL-1β, 31 kDa (purchased from OriGene Technologies, Inc.) (3500 ng), was incubated with purified recombinant caspase-7 (BioVision, Inc.) for 2 hours in 2× reaction buffer (BioVision, Inc.), at 37°C. The resulting cleavage product mix was loaded on 12% SDS-PAGE gels. The gel was silver stained using the mass spectrometry-compatible SilverQuest Silver Staining Kit (Invitrogen, Thermo Fisher Scientific). The 28-kDa band was visible on a silver-stained SDS-PAGE, and the band was excised for further analysis. Mass spectrometry analysis was performed at the Weill Cornell Medicine Meyer Cancer Center Proteomics and Metabolomics Core Facility (New York, New York, USA).
Statistics. Statistical analyses were performed with commercial software (GraphPad Prism version 5 and SAS Studio, SAS Institute Inc.). Data are expressed as the mean ± SEM. The Wilcoxon signed-rank test was performed for paired observations, to compare expression levels within groups, between 17-kDa and 28-kDa stimulation conditions.
Corrections for multiple testing were made using Bonferroni's adjustments. For each cytokine studied, a Bonferroni's adjustment was made for the 6 hypothesis tests carried out within that cytokine, such that any given comparison required P < (0.05 / 6) = 0.0083. No adjustment was made for testing multiple cytokine outcomes. For the pairwise comparison of 17-kDa and 28-kDa stimulation, a Bonferroni's adjustment was made for the 2 hypothesis tests carried out within a cytokine. No adjustment was made for testing of multiple cytokines or duplicate testing of ELISA and qPCR.
Study approval. The study protocol was approved by the Northwell Health System Institutional Review Board. Written consent was obtained prior to enrollment in the study. Inclusion and exclusion criteria were similar to those the AIED study group published previously (2) . A total of 41 patients with AIED and 32 healthy controls were enrolled in this study; the average age of the patients with AIED was 51 with a 1.3:1 male-to-female ratio, and the average age of the control subjects was 48 with a male-to-female ratio of 1:1.9.
